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Abstract—Thin-layer electrolytic iron sulfides synthesized on stainless steel substrates were studied in prototype 
lithium and lithium-ion batteries with an electrolyte composed of ethylene carbonate, dimethyl carbonate, and 
1 M LiC10 4 . A two-volt lithium-ion system with electrolytic iron sulfide and LiCo0 2 as negative and positive 
electrodes, respectively, was suggested. The discharge capacity of the prototype system is 350-400 mAh g- 1 Fe 
sulfide. 

DOI: 10.1134/S 107042720911007X 


Studies of Co andNi sulfides in electrodes of chemical 
power cells (CPCs) have become rather topical recently 
and their number is steeply increasing [1-4]. Among 
subjects of such studies, sulfides of transition metals 
(M = Co, Ni, Fe, Mo), electrolytically synthesized by 
the authors in a previous study, are attractive because of 
the possibility of their use in thin-layer lithium batteries 
[5], 

Electrolytic (e) Fe, Co, and Ni sulfides were tested 
in cathodes of prototype lithium batteries. e-Fe sulfides 
deposited onto an aluminum substrate were studied at 
voltages of 2.8-1.1 with a liquid-phase electrolyte, as well 
as with gel polymeric electrolytes based on polyvinylidcnc 
fluoride and polyvinyl chloride. A discharge capacity of 
200-320 mAh g 1 in 40-50 cycles, depending on the phase 
composition of the starting sulfide, has been obtained in 
thin layers of electrolytic iron sulfides with a mass of 
1.0-7.5 mg cm -2 in galvanostatic cycling in an electrolyte 
composed of propylene carbonate (PC), dimethoxy ethane 
(DME), and 1 M LiC10 4 [6], A discharge capacity of 
240-300 mA h g _1 has been obtained for electrolytic 
iron sulfides with structures Fe 3 S 4 and FeS in prototype 
lithium batteries with gel-type electrolytes based on 
polyvinyl chloride, LiC10 4 , LiCF 3 S0 3 , or LiN(CF 3 S0 2 ) 2 
salts, and PC plasticizer [7] which is close to the values 
for a liquid-phase electrolyte. Iron sulfide formulations 
in prototype lithium CPCs with gel-type polyvinylidene 


fluoride electrolytes are capable of an electrochemical 
transformation to yield 200-280 mAh g' in 80-180 
cycles [8], 

Electrolytic Co and Ni sulfides have been used, 
similarly to e-Fe sulfides, in positive electrodes of 
prototype lithium batteries in the range 2.8-1.1 V [9], 
Then, the range of voltages in battery cycling was 
extended to values possible for negative electrodes of 
lithium-ion systems. In a prototype lithium power cell 
with an alkyl carbonate electrolyte, a discharge capacity 
of 250-450 mA h g~ l was obtained for electrolytic 
cobalt sulfide e-Co9S 8 at voltages of 2.80-0.02 V [10], 
In a prototype CPC with an electrolyte composed of 
ethylene carbonate (EC), dimethyl carbonate (DMC), 
and 1 M LiC10 4 , electrolytic nickel sulfide provides 
a capacity of 400 mA h g 1 at 50th cycle in discharge- 
charge galvanostatic cycling (7 dis = 25 mA g -1 ) at voltages 
of 2.80-0.01 V relative to lithium at room temperature 
[ 11 ]. 

In the present study, the range of working voltages in 
cycling of electrolytic iron sulfides is also extended and 
their ability to undergo multiple effective electrochemical 
transformations in negative electrodes of the lithium-ion 
system is revealed. 

EXPERIMENTAL 

Iron sulfides conditionally designated c-F x S v were 
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electrolytically synthesized from aqueous solutions 
of iron(II) sulfate in the presence of thiosulfate ions 
on a 18N12Kh9T stainless steel substrate. Aluminum 
substrates were used to obtain electrolytic iron sulfides 
of the series Fe 3 S 4 , FeS, FeS 2 , Fe 4 S 3 , etc. [6], which 
cannot be used in the lithium-ion system at low potentials 
because of the substrate disintegration via electrochemical 
intercalation of lithium into aluminum. Therefore, 
e-Fe sulfides for the lithium-ion system were deposited 
onto a stainless steel substrate, which is inactive in the 
electrochemical reaction with lithium. A wide variety of 
iron sulfide phases was obtained in this case, as it was 
also done with the aluminum substrate, by varying the 
electrolysis parameters. In this study, the iron sulfide 
composite synthesized in an electrolyte containing (g 1 _1 ) 
13-15 FeS0 4 • 7H 2 0 and 5.0-5.5 Na 2 S 2 0 3 • 5H 2 0 at 
room temperature, pH 3.8-4.2, and z cath = 2 mA cm" 2 
was examined. 

The surface morphology and profile were studied 
on a Digital Instruments Nanoscop 111-a Dimention 
ato mi c-force microscope (AFM). The phase composition 
of the deposits was found from X-ray diffraction patterns 
obtained on a DRON-2.0 diffractometer, with a LiF 
crystal as monochromator (CoKa radiation). 

The electrochemical characteristics of e-Fe x S v were 
studied in a prototype disc CPC 2325 with a lithium 
counter electrode, and also in pair with a LiCo0 2 
electrode at room temperature. An electrolyte composed 
of a 1 : 1 (v/v) EC : DMC mixture (Merck, Germany) 
and 1 M LiC10 4 (Iodobrom, Ukraine) was used in the 
prototypes. The water content of the electrolyte, found 
by the Fisher method, did not exceed 0.005%. Lithium 
plates with an excess mass were used in anodes of the 
prototype lithium CPC. The positive composite LiCo0 2 
electrode included (%) 80 LiCo0 2 , 10 acetylene black, 
and 10 F 4 fluoroplastic binder. It was fabricated by 
the conventional pasting method by deposition of the 
active material (7-9 mg cm" 2 ) onto an aluminum current 
collector. LiCo0 2 was synthesized thermally by sintering 
a stoichiometric mixture of Li 2 C0 3 and Co 3 0 4 . The 
discharge capacity of such an electrode is 130 mA h g 1 
at 5th cycle. The prototype cells were assembled in 
a glove box in dry argon. The galvanostatic cyclic of the 
prototype cells was performed on a test stand equipped 
with appropriate software. 

The surface structure and morphology of electrolytic 
iron sulfide deposits depend on technological parameters 


of the electrolysis and on the substrate nature. The X-ray 
diffraction pattern of the electrolysis product synthesized 
under the conditions specified (Fig. 1) indicates that the 
material under study contains sulfides with Fe 3 S 4 and 
FeS structures and an insignificant admixture of iron 
oxide P-Fe 2 0 3 . 

Compact deposits of an electrolytic iron sulfide 
formulation on a stainless steel substrate have the form 
of dark brown, dark gray, and even black layers. AFM 
images of the surface of the deposits show that grains 
in a deposit are grouped into spheroid formations (200- 
300 nm) (Fig. 2). There are growth steps reproducing the 
substrate profile on the deposit surface. 

In cycling in a prototype lithium CPC at voltages of 
2.8-1.1 V for more than 50 cycle, the e-Fe a S v electrode 
with 1.0-1.5 mg cm" 3 of the active material (Fe 3 S 4 , 
FeS, P-Fc 2 0 3 ) has stable discharge-charge character¬ 
istics (Fig.3a), with a discharge capacity as high as 
500 mAh g 1 . 

The theoretical specific capacities for the reactions in 
which c-Fc a S v interacts with lithium, (I) and (II), are 610 
and 725 mA h g" 1 , respectively: 

FeS + 2Li + + 2e -► Li 2 S + Fe, (I) 

Fe 3 S 4 + 8Li + + 8e —► 4Li 2 S + 3Fe. (II) 

The electrolytic formulation composed of Fe 3 S 4 , 
FeS, and P-Fe 2 0 3 also exhibited a capacity for cycling at 
voltages of 2.8-0.02, as shown in Fig. 3b. The differential 
capacity curves for the sulfide e-Fe r S v (Fig. 4) show that 
the electrochemical reaction of its interaction with lithium 



Fig. 1 . X-ray diffraction pattern of an e-Fe^S ,. deposit dried in 
a vacuum at t = 180°C. (20) Bragg angle and (7) intensity. 
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Fig. 2. AFM image of the surface of an e-Fe r S,. deposit with 

a mass of 1.8 mg cnr 2 . 

includes several stages occurring at potentials of 2.0,1.4, 
and 0.8 V in the cathodic process (lithium intercalation) 
and 1.0, 1.4, 2.0, and 2.4 in the anodic process (lithium 
deintercalation). To degrading stages of the discharge- 
charge process with e-Fe x S^ belong the stage of lithium 
intercalation at 0.8 V and stages of lithium deintercalation 
at 1.0 and 1.4 V. Similar degradation processes have 
been observed in an electrochemical interaction of 
an electrolytic sulfide, Co 9 S 8 , with lithium [10] under the 
cycling conditions used in the present study According 
to published data, the discharge-charge process with MX 
compounds (X = O, S, F, N) at potentials of 0.8-0 V 
yields a solid-electrolyte film on particles of the active 
material as a result of its interaction with the electrolyte. 
The process of film formation is partly reversible [10, 
12, 13], 

The discharge-charge characteristics of the system 
LiCo0 2 /(EC, DMC, 1M LiC10 4 )/e-(Fe 3 S4, FeS, |3-Fc 2 0 3 ) 
are shown in Fig. 5. The mass of the positive electrode 
in this system is excessive, the discharge capacity of the 
system is limited by the negative electrode. The system 
is a 2-V battery working at voltages of 3.1-1.4 V. Its 
discharge capacity, equal to 450 mA h g 1 in the first cycle, 
stabilizes at 350-400 mAh g 1 after the 15th cycle. 

The dependence of the discharge capacity of the 2-V 
battery on the discharge rate is shown in Fig. 6. 




Q, mA h g- 1 

Fig. 3. Discharge-charge characteristics of a prototype 
e-(Fe 3 S 4 , FeS, P-Fe 2 0 3 )/(EC, DMC, 1 M LiC10 4 )/Li. 
Uis = *ch = 0-05 mA cm~ 2 . (E) Voltage of the system and (Q) 
capacity; the same for Fig. 5. (a) 5th-48th cycles, (b) digits 
at curves are cycle numbers. 



Fig. 4. Differential capacity dQ/dE vs. the potential E of the 
sulfide e-Fe^. 
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Q, mA h g- 1 

Fig. 5. Discharge-charge curves for the prototype LiCo0 2 /(EC, 
DMC, 1 M LiC10 4 )/e-(Fe 3 S 4 , FeS, P-Fe 2 0 3 ) for lst-20th 
cycles. 
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Fig. 6. Discharge capacity Q vs. the discharge rate i for the 
prototype LiCo0 2 /(EC, DMC, 1 M LiC10 4 )/e-(Fe 3 S 4 , FeS, 
(1-Fe 2 0 3 ) after 30th cycle. 

As is known, the attractive distinctive features 
of iron sulfides among transition metal sulfides are 
the high specific energy (1270 W h kg 1 for FeS 2 ), 
comparatively low cost, and low toxicity. The natural 
and synthetic pyrite FeS 2 shows a high reversibility 
and an excellent characteristics in lithium batteries at 
400-450°C (200Whkg i) [14]. Attempts have been 
made to improve the reversibility of pyrite in polymeric 
medium-temperature (55-140°C) lithium batteries 
[15]. Its reversibility at room temperature is limited 
[16, 17]. It can be seen in this context that the results 
obtained in the present study for electrolytic iron sulfides 
reversibly working at room temperature in a liquid- 
phase electrolyte are more successful. The reversible 
part of the electrochemical transformation of c-Fe x S j; in 
prototype lithium CPCs at voltages in the range 2.8-0.02 
is 75-80%. It may appear useful to introduce additives 
into the electrolyte of a power cell to make parasitic 
reactions less important [18]. 


CONCLUSIONS 

Because the actual discharge capacity of graphite 
(C) in the conventional commercial lithium-ion system 
LiCo0 2 /C is close to 300 mA h g~ l (theoretical value 
372mAhg 1 ), electrolytic iron sulfides providing 
a discharge capacity of 350-400 mA h g _1 in the 
lithium-ion system can be recommended for further 
optimization of thin-layer negative electrodes in lithium- 
ion systems. 
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